Oxygen and carbon isotopic variations in the upper section of a stalagmite (SF-1) from Buddha Cave (33140 0 N 109105 0 E) dated by 230 Th/ 234 U 210 Pb and lamination counting to a time resolution as fine as 1-3 years have recorded climate changes in central China for the last 1270 years. The changes include those corresponding to the Medieval Warm Period Little Ice Age and 20th-century warming lending support to the global extent of these events. The isotopic records also show cycles of 33, 22, 11, 9.6, and 7.2 years. The 33-year cycle could well represent the B35-year periodicity of climate fluctuations previously recognized in China and Europe. Cycles of 22, 11, and 9.6 years have often been associated with the Sunspot or lunar-orbit variations. The 7.2-year cycle was recently identified also in tree-ring records from an area close to Buddha Cave. These cycles suggest that external forcing (e.g. solar irradiance) may affect the summer monsoon over eastern China. The general consistency between the climate characteristics inferred from the stable isotope records of SF-1 and those from other proxy records underscores the value of stalagmites as recorders of paleoclimate. r
Introduction
About 20% of the world's populations live in eastern China where the climate is strongly affected by the monsoon system. Variations in the monsoon circulation have led to climate extremes in the region causing much economic distress and human sufferings not to mention the great loss of lives (Bryant, 1997) . Therefore efforts in reconstructing the climate in the recent past for a better understanding of its future variability in this part of the world take on an added socioeconomic dimension.
Only a few reliable instrumental records on climate extending beyond a century or so exist in China (Bradley, 1999) . It is thus incumbent on us to examine closely other paleoclimate archives such as historical documents ice cores tree rings and stalagmite. The calcitic cave deposit of speleothems has the attractive feature of being capable of providing long continuous records of high-resolution and accurate chronology. d
18 O and d 13 C of the calcite record climatic signals (Hendy and Wilson, 1968; Dorale et al., 1992) which can be dated through U-series disequilibrium ( 230 Th/ 234 U 210 Pb) and growth lamination counting (e.g. Li et al 1989; Baskaran and Iliffe, 1993; Baker et al., 1993; Kaufman et al., 1998) . Depending on growth rates of the stalagmites under study fine layer-sampling of the specimens allows their d
18 O and d 13 C records to be readily read to a resolution of 50-500 years (e.g. Denniston et al., 1999; Desmarchelier et al., 2000) if not 3-50 years (e.g. Baker et al., 1998; Holmgren et al., 1995; Lauritzen, 1995; Burns et al., 1998; Hellstrom et al., 1998; McDermott et al., 1999; Repinski et al., 1999) . Based on such records and Li et al. (1998) have reconstructed climate of the recent past near Beijing in northeastern China.
We report here our study on a stalagmite (SF-1) from Buddha Cave (33140 0 N 109105 0 E) located at an altitude of B500 m on the southern flank of Qin Ling Mountains approximately 80 km south of Xian in central China (Fig. 1) . Careful micro-sampling of growth layers combined with multiple dating techniques enables the reconstruction of a d
18 O-d 13 C based paleoclimate record for the last 1270 years. A part of the record has an unprecedented B1-year resolution.
The record reveals climate anomalies corresponding to the Medieval Warm Period and Little Ice Age of Europe and the global 20th-century warming trend as well as a number of cyclic variations of different periodicities. (Dansgaard, 1964; Rozanski et al., 1993) . This temperature coefficient is to be compared with the negative value of about -0.23%1C
Interpretation of
À1 for the calcitewater d
18 O fractionation (Epstein et al., 1953; O'Neil et al., 1969 (Dorale et al., 1992; Gascoyne, 1992; Dorale and Edwards, 1998; Li et al., 1998; McDermott et al., 1999) .
The tenability of the approach has been shown in a study of the Shihua Cave in northeastern China (Fig. 1) by and Li et al. (1998) (Dansgaard, 1964; Rindsberger et al., 1983; Njitchoua et al., 1999 .
The carbon isotopic composition in a speleothem (d 13 C c ) reflects that of the soil pCO 2 hence that of the vegetation cover above the cave. Climate affects vegetation density with wet and cool conditions in favor of forest development. Plants adapted to a relatively cold/wet climate (C 3 type) typically have d
13 C values lighter than those for C 4 -type plants grown in a warm/ dry climate (À24% vs. À11%) (Cerling, 1984; Cerling et al., 1989; Hoefs, 1997) . In addition Schleser et al. (1999) showed that under dry and/or warm conditions d 13 C of C 3 plants becomes heavier due to the restricted Dorale et al., 1992; BarMatthews et al., 1997; Dorale and Edwards, 1998; . We will follow suit in the present study of stalagmite SF-1 bearing in mind that our interpretation does not take into account of the effect of possible dissolution of the limestone host rock on d 13 C c . The extent of dissolution would depend on changes in dripwater pathways or soil-water residence times above the cave (Baker et al., 1997; Bar-Matthews et al., 1999 Tables 1 and 2 . Taking into account the time resolution of the stable isotope records aside (e.g. changes in water residence time affect the records on annual scale as opposed to changes in vegetation which operate on decadal or longer scale) the validity of such an interpretation scheme naturally is predicated upon isotopic equilibrium during calcite deposition. Kinetic effects due to rapid degassing of CO 2 or evaporation of water from the stalagmiteforming film are commonly negligible in the deep interior of a cave with high relative humidity. Isotopic equilibrium can also be inferred from a comparison of d
18 O and d 13 C in newly formed speleothem layers with those in cave water (Bar-Matthews et al., 1996) .
An unequivocal way to test equilibrium deposition for d 18 O would be to obtain similar records in two stalagmites from the same cave. Short of such a reproducibility check we resorted to using the criteria suggested by Hendy (1971) (Fig. 2b) . The positive test result provides some measure of assurance against gross non-equilibrium isotopic fractionation.
Variations of d 13 C c within individual layers are less than 1% (Fig. 2b) indicating constant or negligible kinetic effect on d 13 C c during the calcite deposition. By neglecting CO 2 exchange between the drip water and the cave air and other kinetically controlled processes which may influence d 13 C c Paulsen (2000) modeled the expected range of d 13 C c considering the input of CO 2 to groundwater from decomposing organic matter and by limestone dissolution and isotopic equilibrium fractionation between CO 2 (g) and CaCO 3 . It was found that the average d 13 C c value of À9.8% (varying from À6.2% to À12%) in SF-1 would be consistent with an cave environment characterized by a C 3 /C 4 plant ratio of 70:30 and a soil/limestone distribution of 75:25 given a calcite-CO 2 (g) fractionation factor of 1.00952 at 151C (Dulinski and Rozanski, 1990 ) and d
13 C values of À27% À13% and 0% for C 3 plants C 4 plants and limestone respectively (Cerling, 1984; Hoefs, 1997) .
Cave setting and methods
Specimen SF-1 (Fig. 3) was collected from its growth position in 1996 B200 m from the cave entrance and B50 m below the present land surface. The Buddha Cave is located in an alpine vegetation-covered area with carbonate rocks of middle Ordovician age. A 6-8 m thick Quaternary loess deposit with well-developed soils in its upper 3-5 m covers the carbonate bedrock. Inside the cave the relative humidity maintains at 98% and annual temperature at 14721C. Winter in the area is usually dry. Precipitation mostly comes from summer monsoonal rain between June and September. The transit time for meteoric water through the 50-100 m thick vadose zone above the cave is relatively short. It has been observed that an increase of drip rates of cave water occurs within about 24 h after the passing of a rain storm in the area. The cave is situated more than 200 m above a river bed and high above the local groundwater level. Thus its drip-water comes only from precipitation above the cave the change of which sensitively affect the water residence time in the vadose zone. The study area lies on a lowland with sparse farming and population. Vegetation consists mainly of shrubs and grasses.
Using a computer-controlled high-precision micro miller 478 samples were drilled from upper 3.4 cm of SF-1 with sampling intervals of 50 or 100 mm. Stable isotopic analyses were made in a VG Prism II mass spectrometer equipped with an automated injection system of CO 2 released from acidification of the carbonate samples. For about every 7 sample runs a working standard was analyzed. Based on the reproducibility of the standard runs analytical errors of 0. indicating the top section of SF-1 to be younger than 100 years (Fig. 4) . Transmission of visible light through a B0.5 mm thick thin section cut along the growth axis of SF-1 (Fig. 3) was used for lamination counting. Visual counting was performed under a microscope along several tracks with two countings done in each track and the use of a computer-programmed reference for band identification (Fig. 5) . We take each couplet of the lamination to represent one year. A depth-age model (Paulsen, 2000) based on the results gave an average growth rate of 0.083 mm/yr for the last 150 years in agreement with the mean rate of 0.08970.007 mm/yr determined from 210 Pb (Fig. 4) and confirming the annual nature of the laminae (Li et al., 2000) . It should be noted however that growth rates of annual layers may vary as the thickness of growth bands depends on such factors as temperature dripping rate and pCO 2 and pH of cave water. Therefore the use of average rates for assigning ages to individual layers as we shall adopt may introduce errors that are considerably larger than annual. For this reason the quoted chronology in the following discussion of results will be rounded to ''5-year'' increments starting with 0 a (yr BP) as AD 1995 for the top layer of SF-1.
We have compared the instrumental precipitation records for the past 40 years in Xian (34118 0 N 108154 0 E; 73 km north of Buddha Cave) and Ankang (32143 0 N 109102 0 E; 105 km south of Buddha Cave) with the growth-band thickness and found no correlation between the two (Paulsen, 2000) . Thus we were unable to support the hypothesis that growth layer thickness is directly related to wetness (Railsback et al., 1994; Shopov et al., 1994; Liu et al., 1997) . Our lamination counting also showed an apparent deposition change to have occurred around 14 mm (ca 150 a) (Fig. 3) . Below this depth the stalagmite grew so slowly as to defy lamination counting. TIMS 230 Th/ 234 U dating of SF-1 (Table 3) showed that the average growth rate prior to 150 a was 0.0163 mm/yr (Li et al., 2000) . The dating work was done in the Isotope Laboratory of the University of Minnesota using a Finnigan-MAT 262-RPQ mass spectrometer and the method of Edwards et al. (1987) . U concentrations. In deriving their ages relatively large corrections for the initial 230 Th were required. The corrected dates show a fairly constant growth rate of 0.0163 mm/a for the upper 16.5 cm (except the top 1.4 cm). At this depth a depositional hiatus marks a change to a faster growth rate below as indicated by both the textural appearance of the specimen and the 230 Th dates (Fig. 3 and Table 3 ). 
Results and discussion

Medieval warm period
Largely due to a dearth of high-resolution climatic records our knowledge on the spatial extent duration and moisture characteristics of MW is incomplete (Crowley and North, 1991) and this has hampered our understanding of its cause or driving force. For instance the lack of high-resolution records worldwide prevents us from examining further the recent hypothesis calling for MW to represent a warm phase of a 15007500-year cycle related to thermohaline circulation (Bond et al., 1999; Clark et al., 1999; Broecker, 2001; deMenocal, 2001 Graumlich (1993) used tree-ring widths to reconstruct paleotemperatures in the western US and showed high summer temperatures between AD 1100 and 1450 except for the period of AD 1300-1330. If so the early 15th-century warmth on two sides of the Pacific overlapped. Stine (1994 Stine ( , 1998 reported the occurrence of severe drought in California's Sierra Nevada during AD 900-1100 and 1210-1350. He coined the expression Medieval Climatic Anomaly (in lieu of Medieval Warm Period) to signify the far greater departure of precipitation than temperature from normal during medieval time. Though the general matching of the two dry intervals in Stine's records and ours can be called into attention we wish to emphasize the plausible century-long dry spells in eastern China during the Medieval Warm Period.
Little ice age
There is growing evidence for LIA as a global event (Lamb, 1982; Grove, 1988; Bradley and Jones, 1992; Mann, 1998; Broecker, 2001) . Although it varies from region to region LIA is commonly referred to the period between AD 1500 and 1850 with two main cold stages of about centennial length occurring in the 17th and 19th centuries (Bradley and Jones, 1992) . The onset of LIA is identified in our record at about 520 a (AD 1475) when d
18 O c dropped rapidly below the 1270-yr average (Fig. 6) . The cold condition lasted until 150 a (AD 1845) with an earlier (B520-350 a) wet period with d 13 C c trending toward lighter values and later (350-150 a) turning to less moist (heavier d 13 C c values). This wet-to-dry trend has also been noted in a stalagmite from the Shihua Cave near Beijing . The d
18 O c record of SF-1 suggests that LIA can be divided into three periods: 450-355 a (AD 1545-1640) 320-250 a (AD 1675-1745) and 205-170 a (AD 1790-1825). These periods correspond to the three intervals when Mongolia was B1-21C colder than the present according to the tree-ring record ( Fig. 1 ; Jacoby et al., 1996) . The coldest time centered around 295-275 a (AD 1700-1720) consistent with the recorded freezing/thawing history of rivers and lakes in central and southern China showing that 1711-1720 was the coldest decade over the last 480 years (Bradley, 1999) . Ice core oxygen isotope data from the Dunde Ice Cap (Fig. 1) in northwestern China point to a similar cold trend for the period of AD 1560-1660 (Mosley- Thompson et al., 1993) . However the latest two LIA cold stages as well as the Medieval Warm Period were not recorded at Dunde. It appears that Buddha Cave and Dunde Ice Cap being B1100 km apart could belong to different climate regimes.
Comparing the d 18 O c record of SF-1 with the records of Mongolian tree rings and Shihua Cave in NE China indicates that LIA ended in central China approximately 50 years earlier than areas to the north i.e. LIA in Mongolia and NE China lasted until BAD 1900 as opposed to BAD 1850 for central China. The offset is not likely the result of dating uncertainties considering the fact that chronology for the younger parts of SF-1 and for the Mongolian tree ring record should be accurate to within a decade if not a few years.
It should be mentioned that cold temperatures were also registered by tree ring data in western China ( Fig. 1 ; Zhang and Crowley, 1989) and that Chinese historical records show relatively frequent occurrences of droughts dust storms and floods during LIA (Zhang and Crowley, 1989) . While humidity may differ over relatively small spatial scales cold temperatures could well prevail over a very broad region during the Little Ice Age.
Global warming trend
Relative to the earlier (150-1270 a) records the last 150-year part of the SF-1 records with approximately annual resolutions has two distinct features: (1) (Nicholls, 1991 (Fig. 6) .
On the whole d 18 O c for the past 150 years was heavier than the 1270-year average. Furthermore superimposed on its subdecadal variations is a gradual increase of B1% towards the modern-an increase that is best explained as reflecting the global warming trend that began as early as in the late 1800s (Crowley, 2000) . This trend has been detected in other speleothem records from eastern China in tree ring records from western China (Kang et al., 1997) and Mongolia (Jacoby et al., 1996) and in ice core records from Tibet (Thompson et al., 2000) . Although the ultimate cause(s) for the trend remains unresolved a good part could be contributed from anthropogenic forcing (e.g. Crowley, 2000) .
Cycles in the records
In addition to MW and LIA several shorter cycles can be seen in the SF-1 records. We have performed spectral analyses separately on the 150-year and 1270-year records. The resultant power spectra are shown in Fig. 7 with the major periodicities listed in Table 4 . For the 150-year high-resolution records both d
18 O c and d 13 C c reveal 11-and 9.6-year cycles whereas in the 1270-year low-resolution records the 33-year cycle is the only significant periodicity found. The 22-year cycle (and its harmonic of 11 years) has been identified in the historical data on drought and flooding in the central part of the Yangtze River . The 22-11-and 9.6-year cycles have been found in climate records throughout the world and they reflect features of Sunspots or the Lunar orbit (Bryant, 1997) . The 11-and 9.6-year cycles present in both the d
18 O c and d 13 C c records ( Table 3 ) thus indicate that precipitation variability in the Buddha Cave area may be related to solar irradiance. As much of the precipitation is brought into the area by the Eastern Asia Summer Monsoon it would be important to study in the future the possible cyclic nature of the summer monsoon strength.
The 33-year cycle has also been found in a Shihua Cave stalagmite from NE China studied by Identified in the records are climatic anomalies known as Medieval Warm Period, Little Ice Age and 20th-century warmth. Thus our work adds to the growing evidence for the global extent of these events. Also shown in SF-1 is the cyclic nature of the climate that has been noted elsewhere in China and other parts of the world. The prominent cyclicities found include those of 33, 22, 11, 9.6, and 7.2 years. The unprecedented fine resolution of the records allows for calibration/validation with historically documented climatic shifts in China, such as the coldest spell in the early 18th century ca 295-275 a. Agreements with tree-ring and ice-core studies, as well as with isotopic records of speleothems from other parts of China, reinforce our confidence in reading climatic messages from the isotopic composition of cave deposits in general and speleothem SF-1 in particular.
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